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Description
TECHNICAL FIELD

[0001] The present invention relates to a magnetic
garnet single crystal film formation substrate for growing
a magnetic garnet single crystal film of, for example, bis-
muth-substituted rare earth iron garnet (Bi-RIG) by lig-
uid phase epitaxial growth, a method of producing a sin-
gle crystal film for performing crystal growth by using the
substrate, and a single crystal film and an optical aliment
produced by the production method.

BACKGOUND ART

[0002] As a material of an optical element, such as a
Faraday rotator used in an optical isolator, optical circu-
lator and optical magnetic field sensor, etc., what ob-
tained by growing a magnetic garnet single crystal film
on a single crystal substrate by epitaxial growth is gen-
erally used. The magnetic garnet single crystal film to
be grown on the substrate is desired to have a large Far-
aday rotation coefficient to obtain desired Faraday ef-
fects. Also, to form a high quality single crystal film by
epitaxial growth, it is required that a lattice constant dif-
ference between the substrate single crystal and the sin-
gle crystal to be grown is as small as possible in a tem-
perature range from a film forming temperature to the
room temperature.

[0003] Itis known that the Faraday rotation coefficient
of the magnetic garnet single crystal film remarkably in-
creases by substituting a part of the rare earth compo-
nents with bismuth. An increase of a bismuth substitu-
tion amount brings an increase of a lattice constant of
the magnetic garnet single crystal film at the same time,
so that a substrate material used for the film forming is
also required to have a larger lattice constant and, for
example, gadolinium gallium garnet (GGG) added with
Ca, Zr and Mg, etc. to obtain a large lattice constant is
used as the single crystal substrate material (The Jap-
anese Examined Patent Publication No. 60-4583).
[0004] However, in the case of growing bismuth-sub-
stituted rare earth iron garnet single crystal on the GGG
single crystal substrate added with Ca, Zr and Mg, etc.
to be a thick film (a film thickness of, for example, 200
um or more), the substrate and the single crystal layer
during and after the film forming are liable to warp and
crack, which is a cause of declining production yields at
the time of the film forming and processing.

[0005] To eliminate the problem, the presentinventors
have proposed a garnet single crystal substrate of a
specific composition wherein a thermal expansion coef-
ficient within a face being perpendicular to the crystal
orientation <111> is a value extremely close to that of
the bismuth-substituted rare earth iron garnet in a tem-
perature range from the room temperature to 850°C
(The Japanese Unexamined Patent Publication No.
10-139596). By using this single crystal substrate, it is
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possible to form a thick film bismuth-substituted rare
earth iron garnet single crystal film by liquid phase epi-
taxial growth wherein crystal defects, warps and cracks,
etc. are not caused.

[0006] However, it was found by the presentinventors
that the garnet single crystal substrate of this specific
composition was unstable with lead oxide flux used as
a deposition medium at the time of performing the liquid
phase epitaxial growth of bismuth-substituted rare metal
iron garnet (Bi-RIG) single crystal film, so the yields of
obtaining high quality bismuth-substituted rare earth
iron garnet single crystal was poor. Particularly, it was
found that this tendency was strong in a substrate com-
position containing Nb or Ta.

DISCLOSURE OF THE INVENTION

[0007] An object of the present invention is to provide
a magnetic garnet single crystal film formation substrate
capable of stably forming a thick magnetic garnet single
crystal film, wherein crystal defects, warps and cracks,
etc. are not caused, by liquid phase epitaxial growth, an
optical element and a method of producing the same.
[0008] A magnetic garnet single crystal film formation
substrate (substrate for forming magnetic garnet single
crystal film) according to the present invention for grow-
ing a magnetic garnet single crystal film by liquid phase
epitaxial growth, comprises

a base substrate composed of a garnet-based sin-
gle crystal which is unstable with a flux used for the liquid
phase epitaxial growth, and

a buffer layer composed of a garnet-based single
crystal thin film formed on the base substrate and being
stable with the flux.
[0009] The above flux is not particularly limited, but is
a flux having, for example, a lead oxide as a component.
Note that "being unstable with a flux" in the present in-
vention means that, in a so-called supersaturated state
where a solute component in the flux starts to crystallize
by using an object substance (a base substrate or buffer
layer) as a core, at least a part of a material composing
the object substance is eluted (soluted) to the flux and/
or at least a part of the flux component is diffused to the
object substance to hinder the liquid phase epitaxial
growth of a single crystal film. Also, "being stable with a
flux" means a reverse phenomenon of the "being unsta-
ble with a flux".
[0010] According to the present invention,
[0011] It is possible to select a garnet single crystal
substrate of a specific composition having an extremely
close thermal expansion coefficient to that of a magnetic
garnet single crystal, for example, bismuth-substituted
rare earth iron garnet to be an object of forming by liquid
phase epitaxial growth and, even when the substrate is
unstable with the flux, stable liquid phase epitaxial
growth can be performed. It is because a buffer layer
being stable with a flux is formed on the base substrate.
[0012] Thus, in the present invention, a bismuth-sub-
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stituted rare earth iron garnet single crystal film used in
a Faraday rotator and other optical elements can be
formed by liquid phase epitaxial growth at a high quality
while suppressing arising of crystal defects, warps,
cracks and flaking, etc. Namely, according to the
present invention, a relatively thick (for example, 200
um or more) and wide (for example, a diameter of 3 inch-
es or more) magnetic garnet single crystal film can be
obtained by liquid phase epitaxial growth.

[0013] Preferably, the base substrate has approxi-
mately the same thermal expansion coefficient as that
of the magnetic garnet single crystal film. For example
in a temperature range of 0°C to 1000°C, the difference
of the thermal expansion coefficient of the base sub-
strate is within a range of +2 X 10-6/°C or less with re-
spect to the thermal expansion coefficient of the mag-
netic garnet single crystal film.

[0014] By making the thermal expansion coefficient of
the base substrate approximately the same with that of
the magnetic garnet single crystal film, deterioration of
quality, such that a film after epitaxial growth comes off
from the substrate and cracks and chips, etc. (hereinaf-
ter, also referred to as "cracks, etc."), can be effectively
prevented. It is because, at the time of forming a mag-
netic garnet single crystal film by epitaxial growth, the
temperature rises nearly 1000°C and returns to the
room temperature, so cracks, etc. easily arise on the
epitaxial growth film when the thermal expansion coef-
ficients are different.

[0015] Note that the thermal expansion coefficient of
the buffer layer is not necessarily approximately the
same with that of the magnetic garnet single crystal film.
It is because a film thickness of the buffer layer is ex-
tremely thin with respect to a thickness of the base sub-
strate and the thermal expansion difference affects a lit-
tle on the epitaxial growth film.

[0016] Preferably, the base substrate has approxi-
mately the same lattice constant as that of the magnetic
garnet single crystal film. For example, the difference of
the lattice constant of the base substrate is in a range
of £0.02A or less with respect to the lattice constant of
the magnetic garnet single crystal film.

[0017] By making the lattice constant of the base sub-
strate approximately the same as that of the magnetic
garnet single crystal film, the magnetic garnet single
crystal film is easily grown by liquid phase epitaxial
growth.

[0018] Preferably, the base substrate includes Nb or
Ta. When Nb or Ta is included in the base substrate, the
thermal expansion coefficient and/or lattice constant of
the base substrate is easily made approximately the
same as the lattice constant of the magnetic garnet sin-
gle crystal film. Note that when Nb or Ta is included in
the base substrate, stability with a flux is liable to de-
cline.

[0019] Preferably, the buffer layer is a garnet-based
single crystal thin film substantially not including Nb and
Ta. It is because a garnet-based single crystal thin film

10

15

20

25

30

35

40

45

50

55

substantially not including Nb and Ta is relatively stable
with a flux.
[0020] Preferably, the buffer layer is

expressed by a general formula R;MsO,, (note
that R is at least one of rare earth elements and M is
one selected from Ga and Fe)

or

an X-substituted gadolinium gallium garnet (note
that X is at least one of Ca, Mg and Zr).
[0021] The buffer layer composed of a material as
above is preferable for being relatively stable with a flux
and, moreover, having a lattice constant close to that of
a magnetic garnet single crystal film.
[0022] Preferably, a thickness of the buffer layer is 1
to 10000 nm, more preferably 5 to 50 nm, and a thick-
ness of the base substrate is 0.1 to 5 mm, more prefer-
ably 0.2 to 2.0 mm. When the thickness of the buffer
layer is too thin, an effect of the present invention be-
comes small, while whenitis too thick, the cost becomes
high and it is liable to adversely affect on the epitaxial
growth film, such as cracks, due to a difference of ther-
mal expansion coefficient. Also, when the thickness of
the base substrate is too thin, it is liable that mechanical
strength becomes insufficient and handling becomes
deteriorated, while when it is too thick, arising of cracks,
etc. is liable to increase.
[0023] A method of producing a magnetic garnet sin-
gle crystal film according to the present invention in-
cludes the step of growing a magnetic garnet single
crystal film on the buffer layer by using the magnetic gar-
net single crystal film formation substrate by a liquid
phase epitaxial growth method.
[0024] A method of producing an optical element ac-
cording to the present invention includes the steps of
forming a magnetic garnet single crystal film by using
the method of producing a magnetic garnet single crys-
tal film of the present invention, and after that, removing
the base substrate and buffer layer in order to form an
optical element composed of the magnetic garnet single
crystal film.
[0025] An optical element according to the present in-
vention is obtained by the method of producing an opti-
cal element of the present invention.

BRIEF DESCRIPTION OF DRAWINGS
[0026]

Fig. 1is a sectional view of a magnetic garnet single
crystal film formation substrate according to an em-
bodiment of the present invention and a bismuth-
substituted rare earth iron garnet single crystal film
grown by using the same.

FIG. 2A is a SEM image of a surface of a magnetic
garnet single crystal film formation substrate ac-
cording to an example of the present invention.
FIG. 2B is a SEM image of a section of the substrate
shown in FIG. 2A.
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FIG. 3 is a sectional SEM image in a state that a
bismuth-substituted rare earth iron garnet single
crystal film is formed on a surface of a magnetic gar-
net single crystal film formation substrate according
to an example of the present invention.

FIG. 4A is a SEM image of a surface in a state that
a bismuth-substituted rare earth iron garnet single
crystal film is formed on a magnetic garnet single
crystal film formation substrate according to an ex-
ample of the present invention.

FIG. 4B is a SEM image of a surface in a state that
a bismuth-substituted rare earth iron garnet single
crystal film is formed on a surface of a magnetic gar-
net single crystal film formation substrate according
to a comparative example of the present invention.
FIG. 5A and FIG. 5B are pictures in a state that a
bismuth-substituted rare earth iron garnet single
crystal film is formed on a surface of a magnetic gar-
net single crystal film formation substrate according
to an example and a comparative example of the
present invention.

BEST MODE FOR CARRYING OUT THE INVENTION

[0027] Below, the present invention will be explained
in detail based on embodiments shown in the drawings.
[0028] As shown in FIG. 1, a magnetic garnet single
crystal film formation substrate 2 in the present embod-
iment comprises a base substrate 10 and a buffer layer
11 formed by stacking on a surface of the base substrate
10. The base substrate 10 has a lattice constant and
thermal expansion coefficient being extremely close to
those of a magnetic garnet single crystal film 12 made
by bismuth-substituted rare earth iron garnet single
crystal but is unstable with a lead oxide flux. The buffer
layer 11 is composed of a garnet-based single crystal
thin film being stable with a lead oxide flux.

[0029] A bismuth-substituted rare earth iron garnet
single crystal film 12 is grown on the buffer layer 11 in
the substrate 2 by liquid phase epitaxial growth. The
base substrate 10 has preferable lattice matching prop-
erty with the single crystal film 12 for growing the mag-
netic garnet single crystal film 12 via the buffer layer 11
and the linear thermal expansion coefficient of the sub-
strate has a characteristic close to that of the single crys-
tal film 12.

[0030] The base substrate 10 is composed of, for ex-
ample, nonmagnetic garnet-based single crystal ex-
pressed by a general formula M1,M2,M3,0,,. In this
general formula, M1 is an element, for example, select-
ed from Ca, Sr, Cd and Mn. As the M1, those existing
stably when having 2+ valence number, having a coor-
dination number of 8, having an ion radius in a range of
0.096 to 0.126 nm in this state are preferable. The M2
is an element, for example, selected from Nb, Ta and
Sb. As the M2, those existing stably when having 5+
valence number, having a coordination number of 6,
having an ion radius in a range of 0.060 to 0.064 nm in
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this state are preferable. The M3 is an element, for ex-
ample, selected from Ga, Al, Fe, Ge, Si and V. As the
M3, those existing stably when having 3+, 4+ or 5+ va-
lence number, having a coordination number of 4, hav-
ing an ion radius in a range of 0.026 to 0.049 nm in this
state are preferable. Note that the ion radius is a value
of an effective ion radius defined by R. D. Shannon. The
M1, M2 and M3 may be a single element or combination
of two or more kinds of elements.

[0031] Furthermore, in the element of the M1, a part
thereof may be substituted with an element M4 which is
substitutable with Ca or Srin the composition in a range
of less than 50 atomic% in accordance with need in or-
der to adjust the valence number and lattice constant.
As the M4, for example, at least one kind selected from
Cd, Mn, K, Na, Li, Pb, Ba, Mg, Fe, Co, rare earth ele-
ments and Bi and those capable of having a coordina-
tion number of 8 are preferable.

[0032] Also, inthe M2, in the same way as in the M1,
a part thereof may be substituted with an element M5
which is substitutable with Nb, Ta or Sb in the composi-
tion in a range of less than 50 atomic%. As the M5, for
example, at least one kind selected from Zn, Mg, Mn,
Ni, Cu, Cr, Co, Ga, Fe, Al, V, Sc, In, Ti, Zr, Si and Sn
and those capable of having a coordination number of
6 may be preferably mentioned.

[0033] The single crystal substrate having a compo-
sition as above has a thermal expansion coefficient
close to that of bismuth-substituted rare earth iron gar-
net single crystal to be grown and has preferable lattice
matching property with the single crystal. Particularly, in
the above general formula, those having values of "x"
in arange of 2.98 to 3.02, "y" in a range of 1.67 to 1.72,
and "z" in a range of 3.15 to 3.21 are preferable.
[0034] The thermal expansion coefficient of the base
substrate 10 having the above composition is 1.02 X
10- 5/°C to 1.07 X 10-6/°C or so in the room temperature
to 850°C, which very much approximates the linear ther-
mal expansion coefficient of 1.09 X 10-%/°C to 1.16 X
10-5/°C of bismuth-substituted rare earth iron garnet sin-
gle crystal film in the same temperature range.

[0035] Also, the thickness of the base substrate 10 is
not particularly limited, but the thickness is preferably
1.5 mm or less in terms of suppressing arising of cracks
and warps, etc. of the substrate and the single crystal
film at the time of film forming when forming a bismuth-
substituted rare earth iron garnet single crystal film hav-
ing a film thickness of 200 um or more, so that a prefer-
able single crystal film can be obtained. When the thick-
ness of the base substrate exceeds 1.5 mm, there is a
tendency that arising of cracks increases near a bound-
ary surface of the substrate and the single crystal film
along with an increase of the thickness. Also, when the
thickness of the single crystal substrate 10 becomes too
thin, mechanical strength becomes small and handlea-
bility becomes poor, so that those having a thickness of
0.1 mm or more are preferable.

[0036] The buffer layer 11 formed on the single crystal
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substrate 10 is composed of a garnet-based single crys-
tal thin film. As the garnet-based single crystal thin film,
what expressed by a general formula R3zMz0,4, (note
that R is at least one kind of rare earth elements and M
is one kind selected from Ga and Fe), or X-substituted
gadolinium gallium garnet (note that X is at least one
kind of Ca, Mg and Zr) may be mentioned.

[0037] Among these, it is preferable to use one kind
selected from neodymium gallium garnet, samarium
gallium garnet, gadolinium gallium garnet and X-substi-
tuted gadolinium gallium garnet (note that X is at least
one kind of Ca, Mg and Zr), but it is not limited to the
above as far as itis a garnet-based material being stable
with a lead oxide flux.

[0038] A method of producing the base substrate 10
in the magnetic garnet single crystal film formation sub-
strate of the present invention is not particularly limited,
and a method commonly used in producing a conven-
tional GGG single crystal substrate, etc. can be applied.
[0039] For example, first, a homogenous molten mix-
ture is prepared wherein each of or two or more selected
kinds of elements expressed by M1, elements ex-
pressed by M2 and elements expressed by M3 in the
above general formula and each of or two or more se-
lected kinds of elements expressed by M4 and elements
expressed by M5 used depending on the case are con-
tained at a predetermined ratio. Next, a polycrystalline
body is formed from the molten mixture, for example, by
dipping GGG seed crystal, etc. having a long axis direc-
tion of <111> perpendicular to the liquid surface and pull-
ing up while slowly rotating.

[0040] Since there are a large number of cracks on
the polycrystalline body, a single crystal portion without
a crack is selected from that and, after confirming the
crystal orientation, it is dipped as a seed crystal in the
above molten mixture so that the crystal orientation
<111> becomes perpendicular to the liquid surface and
pulled up while slowly rotating, consequently, a single
crystal without a crack is formed. Next, the single crystal
is cut perpendicular to the growth direction to be a pre-
determined thickness, performing mirror polishing on
the both surfaces, and'performing etching processing,
for example, with heat phosphoric acid, etc. to obtain
the base substrate 10.

[0041] The buffer layer 11 composed of a garnet-
based single crystal thin film having the above compo-
sition is formed on the thus obtained base substrate 10
by a sputtering method, a CVD method, a pulse laser
vapor deposition method, a solution method or other thin
film formation technique.

[0042] By using the thus obtained magnetic garnet
single crystal film formation substrate 2, a magnetic gar-
net single crystal film 12 composed of a bismuth-substi-
tuted rare earth iron garnet single crystal film is formed
by the liquid phase epitaxial growth method. The com-
position of the bismuth-substituted rare earth iron garnet
single crystal film to be formed is expressed by, for ex-
ample, a general formula Bi,R3_,Fes.,MnO,, (R is at
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least one kind of rare earth elements, M is at least one
kind of element selected from Ga, Al, In, Sc, Si, Ti, Ge
and Mg, and ranges of "m" and "n" are 0<m<3.0 and
0<n<1.5 in the formula).

[0043] In the general formula, as the rare earth ele-
ment expressed by R, for example, Y, La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, etc. are mentioned,
and one or more kinds of these may be included.
[0044] In the single crystal, a part of the rare earth el-
ement expressed by R is substituted with bismuth, the
ratio of the substitution with bismuth is expressed by "m"
and the value of "m" is in a range of 0<m<3.0. Particu-
larly when "m" is in the range of 0.5 to 1.5, the thermal
expansion coefficient of the single crystal and that of the
single crystal substrate become extremely close, so itis
advantageous. Also, "M" is a nonmagnetic element sub-
stitutable with Fe, which are Ga, Al, In, So, Si, Ti, Ge
and Mg, and one or more kinds of these may be includ-
ed. The ratio "n" of the substitution with Fe in the non-
magnetic element is selected from the range of 0 to 1.5.
[0045] To form a bismuth-substituted rare earth iron
garnet single crystal film by the liquid phase epitaxial
growth method, a homogenous molten mixture contain-
ing a predetermined ratio of (1) a bismuth oxide, (2) at
least one kind of rare earth element oxide, (3) an ion
oxide and (4) an oxide of at least one kind of element
selected from Ga, Al, In, Sc, Si, Ti, Ge and Mg used
depending on the case is prepared. As a solute for pre-
cipitation, a lead oxide is normally used as a main com-
ponent, but a bismuth oxide or other solute for precipi-
tation may be used. Also, a boron oxide, etc. may be
also included as a crystal growth auxiliary if desired.
[0046] Next, by dipping the substrate 2 of the present
invention in the molten mixture, a single crystal is grown
by epitaxial-growth from the molten mixture on a surface
of the buffer layer 11 of the substrate 2 so as to form a
magnetic garnet single crystal film. A temperature of the
molten mixture at this time varies depending on a com-
position of the material mixture, but is normally selected
from a range of 600 to 1000°C. Also, the substrate 2
may be subjected to epitaxial growth by being left in the
molten mixture or by being suitably rotated. When rotat-
ing the substrate 2, the speed of the rotation is prefera-
bly 10 to 200 rpm. Also, the speed of film formation is
normally 0.08 to 0.8 um/minute or so. The dipping time
varies depending on the film formation speed and a de-
sired film thickness, etc. and cannot be determined as
a rule, but is normally 10 to 100 hours or so.

[0047] After finishing the epitaxial growth, the sub-
strate 2 is pulled out from the molten mixture and ad-
hered molten mixture is sufficiently swished off, then,
cooled to the room temperature. Next, after removing a
caked substance of the molten mixture adhered to the
surface of the formed single crystal film is removed by
being dipped in a mineral acid solution of aqua fortis,
etc., it is washed with water and dried. The thickness of
the magnetic garnet single crystal film 12 composed of
bismuth-substituted rare earth iron garnet single crystal
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formed on the substrate 2 as above is normally in a
range of 100 to 1000 um. Also, the thermal expansion
coefficient is 1.0 X 10-5/°C to 1.2 X 10-%/°C or so in the
room temperature to 850°C.

[0048] As explained above, the crystal structure and
composition of the bismuth-substituted rare earth iron
garnet single crystal film formed on the substrate 2 can
be identified respectively by composition analysis by X-
ray diffraction and a fluorescent X-ray, etc. Also, per-
formance of the single crystal film 12 can be evaluated
by removing the substrate 2 from the single crystal film
12 by polish processing, etc., then, performing polish
processing on both surfaces of the film 12, providing
non-reflection film on the both surfaces, and obtaining
a Faraday rotation coefficient, transmission loss and
temperature property, etc.

[0049] Below, the present invention will be explained
further in detail by examples and comparative exam-
ples.

Example 1

[0050] CaCOj;, Nb,Os and Ga,O; were weighed,
fired at 1350°C in the air, and after confirming a garnet
single phase, put in an iridium melting pot, heated to be
about 1450°C by high frequency induction in a mixed
gas atmosphere of 98 volume% of a nitrogen gas and 2
volume% of an oxygen gas and melted, so that a com-
position of the melt becomes CasNb, ;Gaj ,0,. After
that, a seed crystal of the above composition having a
5mm square column shape wherein the long axis direc-
tion is <111> is dipped in this melt to be perpendicular
to the liquid surface and pulled up at a speed of 3 mm/
hour while rotating at 20 rpm, consequently, transparent
single crystal having no cracks at all was obtained.
[0051] Next, a sample of about 1g was cut from each
of its upper portion and lower portion of the crystal for
quantitative analysis of respective composing elements
by a fluorescent X-ray analysis apparatus. It was con-
firmed that both of the upper portion and the lower por-
tion of the crystal had a composition of
CasNb, ;Gas 504, (CNGG).

[0052] The obtained single crystal was cut to be a pre-
determined thickness vertically to the growing direction,
and after performing mirror-polishing on the both sides,
etching processing with heat phosphoric acid was per-
formed, so that a CNGG single crystal substrate (base
substrate 10) was prepared. The thermal expansion co-
efficient (o) of the single crystal substrate at the room
temperature to 850°C was 1.07 X 10%/°C. The thick-
ness of the CNGG single crystal substrate was 0.6 mm.
[0053] AnNd;GasO4, (NGG) thinfilm (buffer layer 11)
was formed by the sputtering method on the CNGG sin-
gle crystal substrate. Specifically, an NGG sintered body
was used as a target, sputtering film formation was per-
formed under film formation condition below, and anneal
processing was performed after that.
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[Sputtering Film Formation Condition]

[0054] substrate temperature: 600°C
input: 300W
atmosphere: Ar + O, (10 volume%), 1 Pa
film formation time: 30 minutes
film thickness: 250 nm

[Anneal Processing]

[0055] atmosphere: O,, 1 atm

temperature: 800°C

time: 30 minutes
[0056] A SEM image of the NGG film surface is shown
in FIG. 2A. Also, a SEM image of the section is shown
in FIG. 2B. It was confirmed that a flat and smooth NGG
film could be obtained. Also, when conducting compo-
sition analysis of the NGG film by a fluorescent X-ray, it
was confirmed that a Nd3;GagO4, (NGG) thin film having
an approximate stoichiometric composition was ob-
tained.
[0057] By using the thus obtained CNGG substrate
added with the NGG film, a bismuth-substituted rare
earth iron garnet single crystal film was formed by the
liquid phase epitaxial growth method. Specifically,
5.747g of Ho,03, 6.724g of Gd,03, 43.21g of B,0;,
126.84g of Fe,03, 989.6g of PbO and 826.4g of Bi,O4
were put in a melting pot made by platinum, melted at
about 1000°C and mixed to be homogenized, then,
cooled at a rate of 120°C/hr. and kept in a supersaturat-
ed state at 832°C. Next, a substrate obtained by forming
an NGG thin film having a thickness of 250 nm on a
CNGG substrate having a thickness of 0.6 mm was
dipped in this melt and liquid phase epitaxial growth was
performed for 10 minutes to grow a single crystal film
while rotating the substrate at 100 rpm, so that a bis-
muth-substituted rare earth iron garnet single crystal
film having a film thickness of 4 um was formed on the
substrate.
[0058] When analyzing a composition of the single
crystal film by a fluorescent X-ray method, it was con-
firmed to be Biy 1Gd; {Hoq gFeg gO45 (Bi-RIG). A SEM
image of a section of the single crystal film is shown in
FIG. 3 and a SEM image of a surface thereof is shown
in FIG. 4A. It was confirmed that a Bi-RIG film having a
flat, smooth and fine surface and of an approximate sto-
ichiometric composition could be formed by epitaxial
growth. Also, when measuring a difference of a lattice
constant of the single crystal film and that of the CNGG
substrate as a base substrate, it was confirmed to be
0.009A and within £0.02A. Note that when measuring a
difference of the lattice constant of the single crystal film
and that of the NGG thin film as a buffer layer, it was
0.007A. Measurement of the lattice constant was made
by a X-ray diffraction method.
[0059] Also, by using other sample, the liquid phase
epitaxial growth was performed for 30 hours under the
same condition as above and a bismuth-substituted rare



11 EP 1 403 403 A1 12

earth iron garnet single crystal film having a film thick-
ness of about 470 um was formed on the substrate. A
picture of the single crystal film formed on the substrate
is shown in FIG. 5A.

[0060] Arising of cracks was not observed in both of
the obtained single crystal film and the single crystal
substrate. When analyzing a composition of the single
crystal film by the fluorescent X-ray method, it was con-
firmed to be Bi;y 4Gd; {Hog gFes jO4o.

[0061] Also, by removing the substrate from the single
crystal film by polishing processing, performing polish-
ing processing on the both sides of the single crystal
film, adhering a non-reflection film made by SiO, or
Ta,O5 on both sides thereof, and evaluating a Faraday
rotation angle at a wavelength of 1.55 um and a trans-
mission loss at a Faraday rotation angle of 45 degrees
and a temperature characteristic, the Faraday rotation
coefficient was 0.119 deg/um, the transmission loss was
0.03 dB, and the temperature characteristic was 0.065
deg/°C. These are all at satisfactory levels as optical
characteristics of an optical isolator.

[0062] Note that the Faraday rotation angle was ob-
tained by letting a polarized laser light having a wave-
length of 1.55 um enter the single crystal film and meas-
uring an angle of the deflecting surface of the emitted
light. The transmission loss was obtained from a differ-
ence of intensity of the laser light having a wavelength
of 1.55 um passed through the single crystal film and
light intensity in a state without a single crystal film. The
temperature characteristic was calculated from a value
obtained by measuring a rotation angle by changing a
temperature of the sample from -40°C to 85°C.

[0063] Furthermore, the thermal expansion coeffi-
cient (o) of the single crystal film at the room tempera-
ture to 850°C was 1.10 X 10-5/°C. The difference of the
thermal expansion coefficient between the base sub-
strate and the single crystal film was 0.03 X 10-5/°C.
Also, arising of cracks was not observed in the obtained
single crystal film.

Example 2

[0064] A CNGG single crystal substrate was prepared
in the same method as in the above example 1.

[0065] A Gd;65Ca0.35Ga4.05MJo 3210 65012 (GCG-
MZG) thin film was formed on the CNGG single crystal
substrate by the pulse laser vapor deposition method.
Specifically, a KrF excimer laser was irradiated at an ir-
radiation laser density of 2.0 J/cm?2 on a GCGMZG sin-
gle crystal target, and a GCGMZG thin film having a film
thickness of about 10 nm was formed under an oxygen
partial pressure of 1 Pa and an irradiation time of 5 min-
utes on the CNGG substrate kept at a substrate temper-
ature of 800°C. When conducting fluorescent X-ray
analysis on the GCGMZG thin film, it was confirmed to
be a GCGMZG having the same composition as that of
the target.

[0066] By using the thus obtained CNGG single crys-
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tal substrate added with the GCGMZG thin film, a bis-
muth-substituted rare earth iron garnet single crystal
film was formed by the liquid phase epitaxial growth
method in the same way as in the example 1. Arising of
cracks was not observed in the obtained single crystal
film.

Comparative Example 1

[0067] A CNGG single crystal substrate was prepared
in the same method as in the example 1, and a bismuth-
substituted rare earth iron garnet single crystal film was
formed by the liquid phase epitaxial growth method in
the same way as in the example 1 without forming ther-
eon a buffer layer composed of a single crystal thin film
which is stable with a lead oxide.

[0068] FIG. 4B is a SEM image of a surface of a sub-
strate after the experiment, and it was confirmed that
the surface was etched. Also, it was found by the fluo-
rescent X-ray analysis that a bismuth-substituted rare
earth iron garnet single crystal film was not formed.
[0069] Also, FIG. 5B is a picture of the whole bismuth-
substituted rare earth iron garnet single crystal film
grown in the comparative example 1, and it was con-
firmed that a film was unevenly formed on the surface
of the substrate and a part thereof was come off.

Example 3

[0070] A CNGG single crystal substrate added with
an NGG thin film was prepared in the same method as
in the above example 1. By using the CNGG single crys-
tal substrate added with an NGG thin film, a bismuth-
substituted rare earth iron garnet single crystal film was
formed by the liquid phase epitaxial growth method.
[0071] Specifically, 12.431g of Tb,O,, 1.464g of
Yb,03, 43.21g of B,03, 121.569g of Fe,05, 989.6g of
PbO and 826.4g of Bi,O5 are put in a melting pot made
by platinum, melted at about 1000°C, mixed to be ho-
mogenized, cooled at a rate of 120°C/hr. and kept in a
supersaturated state at 840°C. Next, a single crystal
substrate material obtained by forming an NGG thin film
of 250 nm on a CNGG substrate having a substrate
thickness of 0.6 mm is dipped in this solution, liquid
phase epitaxial growth was performed for 43 hours to
grow a single crystal film while rotating the substrate at
100 rpm, so that a bismuth-substituted rare earth iron
garnet single crystal film having a film thickness of 560
um was formed on the substrate.

[0072] Arising of cracks was not observed in both of
the obtained single crystal film and single crystal sub-
strate. When analyzing a composition of the single crys-
tal film by the fluorescent X-ray method, it was confirmed
to be Bij gTby gYbg 1Fe5 ¢O1o.

[0073] Also, when measuring a difference of a lattice
constant of the single crystal film and that of the CNGG
substrate as a base substrate, it was confirmed to be
0.005A and within £0.02A. Note that when measuring a
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difference of the lattice constant of the single crystal film
and that of the NGG thin film as a buffer layer, it was
0.004A.

[0074] Also, when evaluating a Faraday rotation an-
gle at a wavelength of 1.55 um and a transmission loss
at a Faraday rotation angle of 45 degrees and temper-
ature characteristic, the Faraday rotation coefficient was
0.102 deg/um, the transmission loss was 0.09 dB, and
the temperature characteristic was 0.051 deg/°C. Fur-
thermore, the thermal expansion coefficient of the single
crystal film was 1.09 X 10-5/°C. The difference of the
thermal expansion coefficient between the base sub-
strate and the single crystal film was 0.02 X 10-5/°C.
Also, arising of cracks was not observed in the obtained
single crystal film.

Example 4

[0075] A CNGG single crystal substrate added with
an NGG thin film was prepared in the same method as
in the above example 1. By using the CNGG single crys-
tal substrate added with the NGG thin film, a bismuth-
substituted rare earth iron garnet single crystal film was
formed by the liquid phase epitaxial growth method.
[0076] Specifically, 7.653g of Gd,Og, 6.778g of
Yb,05, 43.21g of B,O5, 113.2g of Fe,O5, 19.02g of
Ga,03, 3.35g of Al,O3, 869.7g of PbO and 946.3g of
Bi, O3 are put in a melting pot made by platinum, melted
at about 1000°C, mixed to be homogenized, cooled at
a rate of 120°C/hr. and kept in a supersaturated state at
829°C. Next, a single crystal substrate material ob-
tained by forming 250 nm of an NGG thin film on a
CNGG substrate having a substrate thickness of 0.6 mm
is dipped in this solution, liquid phase epitaxial growth
was performed for 43 hours to grow a single crystal film
while rotating the substrate at 100 rpm, so that a bis-
muth-substituted rare earth iron garnet single crystal
film having a film thickness of 520 um was formed on
the substrate.

[0077] Arising of cracks was not observed in both of
the obtained single crystal film and single crystal sub-
strate. When analyzing a composition of the single crys-
tal film by the fluorescent X-ray method, it was confirmed
to be Bij 3Gdq 5Ybg sFe4 2Gag gAlg 2012-

[0078] Also, when measuring a difference of a lattice
constant of the single crystal film and that of the CNGG
substrate as a base substrate, it was confirmed to be
0.014A and within £0.02A. Note that when measuring
the difference of the lattice constant of the single crystal
film and that of the NGG thin film as a buffer layer, it was
0.013A.

[0079] Also, when evaluating a Faraday rotation an-
gle at a wavelength of 1.55 um and a transmission loss
at a Faraday rotation angle of 45 degrees and temper-
ature characteristic, the Faraday rotation coefficient was
0.113 deg/um, the transmission loss was 0.02 dB, and
the temperature characteristic was 0.096 deg/°C. Fur-
thermore, the thermal expansion coefficient of the single
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crystal film was 1.05 x 10-5/°C. The difference of the
thermal expansion coefficient between the base sub-
strate and the single crystal film was 0.02 X 10-5/°C.
Also, arising of cracks was not observed in the obtained
single crystal film.

Evaluation

[0080] According to the examples 1 to 4; the single
crystal film was grown evenly and the crystal surface
was smooth and shiny as shown in FIG. 5A, while ac-
cording to the comparative example 1, it was observed
that the single crystal film did not grow evenly and flaking
arose partially as a result that reaction was caused on
a boundary surface of the growing film and the sub-
strate.

[0081] The above explained embodiments and exam-
ples are for illustrating the present invention and not to
limitthe presentinvention, and the presentinvention can
be carried out in a variety of other modified embodi-
ments.

Claims

1. A magnetic garnet single crystal film formation sub-
strate for growing a magnetic garnet single crystal
film by liquid phase epitaxial growth, comprising:

a base substrate composed of a garnet-based
single crystal which is unstable with a flux used
for the liquid phase epitaxial growth; and

a buffer layer composed of a garnet-based sin-
gle crystal thin film formed on said base sub-
strate and being stable with said flux.

2. The magnetic garnet single crystal film formation
substrate as set forth in claim 1, characterized by
including a lead oxide and/or a bismuth oxide as a
main component of said flux.

3. The magnetic garnet single crystal film formation
substrate as set forth in claim 1 or 2, characterized
in that said base substrate has an approximately
same thermal expansion coefficient as that of said
magnetic garnet single crystal film.

4. The magnetic garnet single crystal film formation
substrate as set forth in claim 3, characterized in
that a difference between the thermal expansion
coefficient of said base substrate and the thermal
expansion coefficient of said magnetic garnet single
crystal film is within a range of +2 X 10-6/°C or less
in a temperature range of 0°C to 1000°C.

5. The magnetic garnet single crystal film formation
substrate as set forth in any one of claims 1 to 4,
characterized in that said base substrate has an
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approximately same lattice constant as that of said
magnetic garnet single crystal film.

The magnetic garnet single crystal film formation
substrate as set forth in claim 5, characterized in
that a difference between the lattice constant of
said base substrate and the lattice constant of said
magnetic garnet single crystal film is within a range
of +0.02A or less.

The magnetic garnet single crystal film formation
substrate as set forth in‘any one of claims 1 to 6,
characterized in that said base substrate includes
Nb or Ta.

The magnetic garnet single crystal film formation
substrate as set forth in any one of claims 1 to 7,
characterized in that said buffer layer is a garnet-
based single crystal thin film substantially not in-
cluding Nb and Ta.

The magnetic garnet single crystal film formation
substrate as set forth in any one of claims 1 to 8,
characterized in that said buffer layer is

expressed by a general formula R3MgO4,
(note that R is at least one of rare earth elements
and M is one selected from Ga and Fe)

or

an X-substituted gadolinium gallium garnet
(note that X is at least one of Ca, Mg and Zr).

The magnetic garnet single crystal film formation
substrate as set forth in any one of claims 1 to 9,
characterized in that a thickness of said buffer lay-
er is 1 to 10000 nm and a thickness of said base
substrate is 0.1 to 5 mm.

A method of producing a magnetic garnet single
crystal film, including the step of growing a magnetic
garnet single crystal film on said buffer layer by us-
ing the magnetic garnet single crystal film formation
substrate as set forth in any one of claims 1 to 10
by a liquid phase epitaxial growth method.

A method of producing an optical element, including
the steps of forming a magnetic garnet single crystal
film by using the method of producing a magnetic
garnet single crystal film as set forth in claim 11, and
after that, removing said base substrate and buffer
layer so as to form an optical element composed of
a magnetic garnet single crystal film.

An optical element obtained by the method of pro-
ducing an optical element as set forth in claim 12.
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FIG. 2B

SEM IMAGE OF SECTION

FIG. 2A

SEM IMAGE OF SURFACE
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